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Abstract 


The idea that the new particles invented in some models beyond the standard model can appear 
only inside the loops is attractive. In this paper, we fill these loops with off-shell tachyons, leading 
to a solution of the zero results of the loop diagrams involving the off-shell non-tachyonic particles. 
We also calculate the Passarino-Veltman and Bq of the off-shell tachyons. 
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I. INTRODUCTION 


Recently, an interesting and attractive idea that all the supersymmetric particles could 
only appear inside the loops has been introduced [l, 2|. By modifying the quantization 
techniques of the supersymmetric particles, they cannot appear in the out-legs of any Feyn- 
mann diagrams, just like the Faddeev-Popov ghosts. Thus, it means that we can only detect 
the existence of these off-shell particles by measuring the radiative loop effects rather then 
hnding these particles directly on colliders. 

This idea can be generalized to other models. The new particles invented in these models 
can be hidden inside the loop in order to escape the detections. In general, these new 
particles should be assigned with charges of some unbroken symmetries in order for them to 
form closed loops, without any channels decaying into pure standard model (SM) particles, 
e.g., in Ref. j^, it is the R-parity of the supersymmetric particles to play this role. 


In this paper, we invent off-shell tachyons 


^ to be quantized in the unconventional 


way. This lead to a solution to the zero result of the loop-diagrams involving off-shell 


non-tachyonic partic 
introduced in Ref. 


es w 


, 13 , 


len we apply the half-retarded and half-advanced propagators 
8|. Thus, We could not see an “on-shell” tachyon so that we 
need not worry about observing something moving faster than the light, and these off-shell 
tachyons contribute to the loop-diagrams, leaving us some observable effects. 


II. ORDINARY OFF-SHELL NON-TACHYONIC PARTICLES SHOULD FORM 
A CLOSED LOOP 

Without loss of generality, we introduce an unbroken symmetry in this paper. Usually, 
the non-tachyonic Z 2 -odd particles can decay into the lightest Z 2 -odd particle. If some of 
these Z 2 -odd particles are quantized through the unconventional way described in Ref. j^, 
and the other Z 2 -odd particles are quantized through the normal way, inconsistencies will 
be the case. 

Suppose A and B are two Z 2 -odd particles, and < uib- If both particles are quantized 
through the normal way, the decay B ^ A + {CP-even particles} can usually happen. The 
self-energy diagrams B —)• A-|-{CP-even particles} —)■ B also contain imaginary parts which 
contribute to the width of the R’s Breit-Wigner propagator ^ 2 ,^^ ’ where F^ is the 
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FIG. 1: The probable t-channel diagram in which A might be near the shell. X and Y might be 
the SM-particles or other particles that do not carry the charges of the A and B. 

decay-width. 

However, if A is quantized through the normal way, and B is quantized through the 
unconventional way, the diagram B ^ A + {CP-even particles} can still move the pole of 
the H’s propagator by a quantity of imsTs, which destroys the structure of the propagator 

p( -^^ = -( -^^ 

\yp2 _ ^2 j 2 \jp‘ — m? -\- ie 

or 


+ 


p2 _ yyi2 _ 


(1) 


P[— -^ ^±z7r5(p2-m^) (2) 

\p^ — J ± le 

invented in Ref. [2| . These are the principal values of the propagator, and should be applied 

when a particle is quantized through the unconventional way. 

If A is quantized through the unconventional way, and B is quantized through the normal 

way, the discussions are a little bit complicated. Without loss of generality, let A be the 

lightest Z 2 -odd particle. It should be noted that the in-lined A can still be near the shell 

through the t-channel diagrams, e.g. B + X^B + Y in Fig. [1] The X and Y are some 

Z 2 -even particles and niB > mx + > my + ruA- 

The t-channel near-shell stable particles are rarely discussed in the literature, but this 

case does exist. The integral over the phase space is actually inhnite due to the divergence 

2 

of the propagator . If A and B are both quantized through the normal way, this 

non-physical inhnite can be subtracted by eliminating the on-shell C-effects 
1 f d^pY d?PB2 d^pA 1 


c^os — 


2Eb ■ 2Ex\vb — vx\ 


\M 


PB1^PY,PA \ 


\M 


(27r)3 (27r)3 (27r)3 2Ey ■ 2Eb2 ■ 2Ea 
|2 1 


PX,PA^PB \ 


2e 


(27r)W(psi - Pa- PY){‘2nyS{pA - Px -PB 2 )- (3) 


3 














In our appendix, we will derive (jS]) and will show that how the on-shell effects be subtracted. 
However, in our case that A is quantized through the unconventional way, A cannot be on- 
shell and thus ([3]) is absent, leaving us an infinite result of the diagram in Fig. [T] 

In a word, A and B should be both quantized through the normal way, or the unconven¬ 
tional way. In the latter case, these particles can only form a closed loop. 


III. ZERO RESULT OF THE NON-TACHYONIC OFF-SHELL PARTICLES’ 
LOOP DIAGRAM 


Let’s start from calculating this integral 


/± = 



1 

± ie 


dz, 


( 4 ) 


where e is an infinitesimal positive number introduced in order to avoid the two poles 2 : = ±a. 
As the integrand fades out as ~ one can close the contour upwards or downward to pick 
up the different residues as shown in Fig. [2ll3l resulting in the similar consequence 


/± = 



( 5 ) 


Hence, 


/+ + /- 

2 


0 . 


( 6 ) 


Now we are going to calculate this integral in another way. Notice that Re{I±) = 0, and 
the Im{I±) only comes from the area near the two poles when the contour is bypassing them. 
Suppose there is a pole z = a located on the real axis with is residue to be Res{z = a), 
when the contour is going above this pole, it contributes a mRes{z = a), and when it is 
going beneath this pole, it becomes —inRes^z = a). Then for (jH), Res{z = —a) = — ^ and 
Res{z = a) = ^, so 


^ , .ITT ITT. ITT 

I± = ±(- 1 -) = ±-, 

^2a 2a^ a’ 


( 7 ) 


which is compatible with the (j5|). 
Generalize this method to calculate 


I{Zi, Z2, Zn, Pi, P 2 , ■■■, Pn) = 


[z — zl + iPie){z — z2 + iP 2 e)...(z — z2 + iPn^-) 


dz, (8) 
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FIG. 2; I+, different contour closing path. 




FIG. 3: I_, different contour closing path. 


where Zi, Z 2 , ■■■, Zn are real numbers which define the positions of the poles, and Pi, P 2 , 
...Pn can be +1 or —1 which decide how the contour bypasses the poles. If Pi = +1, it 
means that the contour bypasses z = Zi upwards, and if P* = — 1, it means that the contour 
bypasses z = Zi downwards. Then we can immediately write down 


n 

I{zi, Z 2 ,Zn, Pi, P2, ■■■, Pn) = PiRes{z = Zi)7ri. ( 9 ) 

i=l 

Then we are prepared to calculate the loop diagrams involving the non-tachyon off-shell 
particles. Any of this diagrams should contain at least one subloop, each line formed by a 
non-tachyonic off-shell particle. To calculate this subloop, we need to calculate 


Ad sub — 



(27r)^ 


[{Q-Pif 



([(?-P2)^ 
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If we adopt (II]) to calculate (|9|), and integrate out dpo at first, 


^+oo 


dq^ 


-P 


(27r)4" y[(g _ j 9^)2 _ ^2j 


[{(I-P2Y 


...P 


[{q - Pn)^ - ml]) 


( 11 ) 


{Pl,P2,...,P„} 


where Pi = ± 1 , i = 1-n, and H means to enumerate all the combinations of 

{Pl,P2,...,Pn} 

{Pi, P 2 ,..., Pn} and then sum over them. The dehnition of /(Pi, P 2 , Pn) is 


J(Pl,P2,...,P0 


r+oo ^^0 1 

(P 

l_^ (27r)4 2" [(g -pi)2 - mj + iPie] [(g - ^ 2 )^ -mjp iP 2 e]., 

•■[(/ -Pn)^ - ml + iPle] 


We are not going to talk about the massless particles, so ml > 0, and then (g — 
> 0 always holds. Hence, all the poles are located in the go’s real-axis. No¬ 
tice that /(Pi, P 2 ,..., Pn) bypasses the poles in a totally opposite manner compared with 
/(-Pi, -P 3 ,..., -Pn), e.g. Fig. H thus 


/(Pi,P2,...,Pn) = -/(-Pi, 


-^ 2 , 


-Pn 


(13) 


so 




dp^ 


-P 


...P 


DO (2vr)4 \[{q - Pi)^ - mj] J \[{q - P 2 )‘^ - m^] J "' ^ \[{q - Pn)^ - ml]) 

nPl,P2,:;Pn) 


{Pl,P2,...,Pn} 
1 


/(Pl,P2,...,Pn)- /(-Pi,-P2,...,-Pn 


IPl,P2,...,P„} 


{Pl,P2,...,Pn} 


/(Pl,P2,...,Pn 


^ /(-Pl,-P2,...,-Pn) 


JPl,P2,...,P„} 


{-Pi -P2,...,-Pn} 


/(Pl,P2,...,Pn)- /(Pi,P2,...,Pn 


JPl,P2,...,P„} 


{Pl,P2,...,Pn} 


= 0 . 


(14) 


Thus, 


-^^sub — 0. 


( 16 ) 
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p!-V(pi-9T+®i Pi-V(n'“9T+™i 






FIG. 4: An example of comparing the contour path of /(Pi, P 2 , ■■■,Pn) and /(—Pi, —P 2 , —Pn)- 

Notice that the they bypass the poles in totally opposite manners. 

IV. TACHYONIC CASES 

ffT^ holds only when > 0 and all the poles are located in the g°’s real-axis. If the 
particles appeared in the loops are tachyons, things could be different. 

Tachyons are the hypothesised particles which satisfy and > 0. In 

order to calculate the propagators of the off-shell tachyons, we should quantize the tachyonic 
helds in the unconventional way { 2 ]. Unlike the normal particles, there are two different 
momentum areas, which are the unstable region and the stable region p^ > 

These should be treated differently. 


A. Scalar Tachyons 


The Lagrangian of the scalar tachyons is 


C = d^(j)df,(j) + 


(16) 


The unstable region p^ < m\ is quantized according to Ref. [4], and the stable region 


p^ > is treated similar to Then the propagator is 


0 


{O|T{0(xi)0(x2)}|O) = 


d^p 

(47r)4" V/^ + ”^Tacy’ 


p 


(17) 


where 


P 




+ mL ± ie 


- ± f7r(f(/ + m^ac)- 


(18) 
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B. Spinor Tachyons 


The Lagrangian of the spinor tachyons is 

C, = - mTact^V^- 

The quantization of the tachyonic spinors is a little bit complicated. We follow Ref. 

1 


(19) 


a. 


'ip{x) = 




( 20 ) 


(27r)3 

where a = ±1 is the helicity of the plane wave solutions. The and are normalized 
according to 

{p)u‘^‘^ (p) = (72mTacd'^^°^^ 

= — cT 2 mTacd'^^‘^^ 

The commutators of the operators are 


= (-^)(27r)^h'*(pi -p2). 


Pi ’ P2 


Pi ’ P2 


The Hamiltonian operator becomes 

(Pp 




For IpI < ruTac and > mTac, we respectively proceed the Ref 


. 01 and 0, 


{ 0 |r{z/>(xi)z/>a: 2 }| 0 ) = - "^Tac) 


d^p 

(47r)4^ VP^ + ”^Tac 


p 


( 21 ) 

( 22 ) 

(23) 

again we acquire 

(24) 


V. CALCULATION OF Ag AND FUNCTIONS 


All the loop diagrams can be reduced into Aq, Bq, Co, ... Passarino-Veltman functions 
0, and only Aq and Bo contribute to the divergences in the usual cases, so we are going to 
calculate the Aq and B^ functions, which are the corresponding version of the Aq and Bq 
functions in the off-shell tachyonic case. 


Ao(mTac) = T 


ZTT^ 


d\P 


’ —oo 
poo 


Ro(p^;mTacl,?^Tac2) = “T / “ 


ZTT^ 


+’^Tac/ ’ 
1 

+ "^Tacl 


(q + pY + m. 


2 

Tac2 


(26) 
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A. Calculation of the Ag Function 

Let’s integrate out at first. Notice that only in the unstable area > (f can the pole 
Qo = m? — ^ be located on the imaginary axis, avoiding the situation of flT^ . 

dq^ 


r'mTa.c r+oo 

dlo(mTac) = — -0 2 ^ , 

Jo J-oo q^ ^ -q^ + m 


^^Tac 


^ + CXD 


dq' 


= — d q— -^ / 0 2 

Jo - q^ J_^ 1 + 


'"m-Ta.c 


rTT 




dJq 


'■"XTac 


rTT • 47r 


V”^Tac 

1 

q^dq- 


= -*"^Tac^ 


(26) 


Jo ■ ■ - q^ 

We can see that there is no divergence in the result. In fact, the traditional counting of the 
“divergence degree” is applied after the Wick’s rotation, which is impossible in our cases. 


B. Calculation of the Bq Function 

To calculate Bq, we adopt a different form of the propagator 

1 \ 1 


then 


P 


2 , z , Z , Z +mTac), 

? +"^Tacy ? +"iTac+*e 

5o(p^;mTacl,mTac2) 

Bo{p^] frUTacl, *"iTac2) + rUTacl, ?T^Tac2) 

Bs {p ^; mTac2, "iTacl) + {p^ ] ^Tacl, "lTac2 ) , 


(27) 


(28) 


where 


A-D 


Bo(p^ArnTaciAmTac2) = / d^q-^ -2-^TTT—^—wT- 2 -^ 

^7^2 J (g2 + + ze) [{q + p^ + + ze] 

is the usual Bo function with the traditional Feymann propagators, and 

^ ^^ + mLi). 

5^5(p^;mTaci,"iTac2) = / d^gz7r(i(g^ + zu^^^Jz7rh((g + p)^ + ' 

7 7r^ / 


(29) 


(30) 
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To calculate the Bq{p‘^-, iruTaci, *?^Tac2), the traditional tricks involving Feynmann integral 
and Wick’s rotation are applied, 


5o(p^; ZmTacl,imTac2) 

2 

-7 + In dvr + / dxln . „ 

^ Jo VP 




X] 




m, 


Tac2 


(1 


X 


le 


(31) 


where e = A — D. 

S55(p2;mTaci,"iTac2) IS just Cancelling all the imaginary part of So(p^; fmTaci, *?T^Tac2) 
according to the optical theorem. 

To calculate Bs{p^', mTac2, ?^Taci), we work in the p = (pO, 0) reference frame, then 


mTac2, "iTacl) 

p4-^2(7r)^ 


P + OO 


TT 


r(Sfi) 


q^-^dq 


'"*Tacl 


(2^7) (Po + 2£^#0 - "^Tacl + "^Tac2 + 


{2E^){pI - 2E^o - m^acl + "^Tac2 + 
p^-^2{7r)^ + 


TT 


r(Sfi) 


-dEfj 


Po + 2F^5 Po - + "^Tac2 + 


Po - 2^gPo - + "iTac2 + 


(32) 


where E^ = 

The full calculations of (13^ are too complicated to be discussed in this paper. We 
only note that in the complex-i?^ plane, the integral can be divided into = 

jjtimTaci ^ _ xpg j^±*mTaci finite and the ^ part contributes to 

D ^^2. _ _ ^ 2 - "^Tacl + Po) /oo^ 

Bs\P 1 ^Tac2; ^Tacljdiv ^ 9 ’ 

2po£ 

which means 

2 

Bs{p‘^; mTac2, "lTacl)div + -^^(p^; mTacl, ?T^Tac2)div = (34) 

that cancels the divergent part of flMD accurately. 


VI. SUMMARY 

We have proved that the loop contributions from the half-retarded and half-advanced 
propagators of the off-shell particles are always zero unless these particles are tachyons. We 
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have calculated the Passarino-Veltman and functions of these particles and showed 
that all the divergent parts have been cancelled. The loop effects of the probably existing 
off-shell tachyonic particles are non-zero and thus might be detected in the future. 
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Appendix A: the Calculations of the t-channel Diagrams with a On-shell Normally 
Quantized Mediator 


Now we are going to calculate the cross-section of the diagram in Fig. [H 

1 f (PpB2 d^PY 1 I 


(27r)3 (27r)3 277,-,, ■ 


2Eb ■ 2Ex\vb - Vx\ J 

—2-2--(27r)‘^(5^(pBi +Px -Py -PB 2 ), 

+ iep\ — m\ — le 


(Al) 


where F’s are the coupling constants. Here we are not going to talk about CP violation 
effects so these coupling constants are assigned with real numbers without loss of generality. 
Insert 1 = / ^|■(27^)^5^(pA + Pv - Pbi) into (jM])- 


(yt = 


_ 1 _ f d?PB2 d^pY d^pA 

2Eb ■ 2Ex\vb -vx\ J (27r)3 (27r)3 (27r)3 


\FabyBabx\ 


2E- ■2E- 


—I 


[ + Px - Pb 2 )— -— 2 - 2 --(27r)^(5^(pBi -py-p^2) 

J (27r) p\-+iep\-m\-le 

When we are trying to integrate out dp% the contour passes by the poles p\ = 
\J pa^ + m\ + ie and p\ = —\Jpa^ -I- — ie. Pick up the contributions from these two 

poles and then we acquire the divergent part of the at, 

1 f d^pY d?PB2 d^pA 1 


o’os — 


2Eb • 2Ex\vb — 'Vx\ J (27r)3 (27r)3 (27r)3 2Ey • 2Eb2 ■ 2,Ea 

2 

2 e 


\-^PBl^PY,PA 

which is just the ([3]). 


^ \-^px,pa^pb\^ -pA- Py){'2.'kY6{pa -PX - Pi?2)(,A3) 
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FIG. 6: Other ways to cut the box diagram. 




FIG. 7: Tree-level diagrams contributed to the total cross-section. 


This divergence is due to the on-shell effects of A, and is related to one way to cut off the 
box diagram in Fig. [5l Besides this, there exist other box diagrams and other ways to cut 


them 


M- See Fig. |6l It means that we should sum over these diagrams in Fig. [71 Hence, 


some interference terms occur and appear to cancel the 


The final-state particles in these diagrams are different. However, B may decay as it 
is taking part in the process, so we need to consider the complete styles of the hnal-state 
particles, making it necessary to sum over all the diagrams in Fig. [71 

The middle diagram in Fig. [71 is weird. It is not only disconnected but also contains a 
“bare” line, the X. It means that this X does not take part in the scattering process and 
by applying the Lorentz-invariant inner products of the one-particle states, we acquire the 
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’Feynmann-rules” of this “bare” line, 


{Px\p'x) = -P'x) 

/ 

We are now prepared to calculate the interference term 


(A4) 





/ 




/ 


^interfere 


d^PY d?pA d?p‘ 


X 


2Eb • 2Ex\vb -vx\J (27r)3 (27r)3 (2^)3 2Ep^ ■ 2Ep^ ■ 2Ep^ 

—z —z 

ipABY ■ {—iFABY) ■ iipABx) ' (iFABx)^ -o- ~~2 -2-- 

Pa-^a-^(^Pb2-^b-^^ 

{2xf6^{px -p'x)(27r)^h^(pBi - py - Pa) 

1 f d?pY d?pA 1 


2Eb ■ 2Ex\vb -vx\J (27r)3 (27r)3 2Ep^ ■ 2E, 


-iFabY ■ {—iFABY) 


PA 


—I 


—I 


■(iFABx) ■ (iFABx)— -2-^—2-2--(27r)M'^(pBi -pY -pa)-(A5) 

Pa-^a- ^^Pb2 - "ih - ^e 

Again we are going to insert 1 = / ^^^{2n)'^6‘^{px + Pa — PB 2 ) into the integral, 

1 f d^PY d?PA d?PB2 1 


^interfere 


2Eb • 2Ex\vb -vx\J (27r)3 (27r)3 (27r)3 2E^^ ■ 2E, 
■{—iFABY) ■ (iFABx) ■ (iFABx) ^ ^ 


-^Faby 


-'B2 


PY ^-^PA 

i 


2x Pa-^a- FPb2 


i27T)‘^5‘^{px + Pa - PB2)i‘2x)^5‘^{px + Pa - PB 2 ), 


(A6) 


and then integrate out the dp^ 2 - Notice that the divergent part is contributed from near the 
pole p %2 = \/Pb 2 + + F- Pick cip the residue there, and notice the 5^{j)x + Pa — PB 2 ) 

keeps Pa a little bit away from the mass-shell, we acquire 

1 


^interfere I div 


(A7) 


which means 





V 


/ 


/ 


V 


y.. ,_j / 

I % 



\ 


/ 


/ 


V 


accurately cancels 


/ 


the divergent term of at- 

Following the similar process, we can also prove that the divergent parts of the rest of 
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the interference terms 


equals 



zero. We omit the detailed proof in this paper because this appendix is aimed at proving 
the cancellation of the t-channel on-shell divergences in Fig. [T] 

From the discussions above, we can clearly learn that it is the B’s on-shell decay effects 
that play the role of cancelling the divergence of the t-channel on-shell divergences. 
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